Abstract Wave focusing of energetic swell fields can result in small-scale variations associated with coherent interference that can be important for nearshore circulation and beach dynamics. However, coherent interference is difficult to measure with conventional in situ instruments and is not accounted for in operational wave models. As a result, such effects are generally ignored. In this work, we analyze X-band radar observations collected at Ocean Beach, San Francisco using a Wigner-Ville or coupled-mode spectrum, to show how long-dwell remote sensing technology allows us to identify coherent wave interference. Our analysis demonstrates that during energetic swell events, the nearshore wave field consists of two noncollinear, but coherent, swell patterns that originate from the same offshore source but are directionally separated due to refraction over the San Francisco Bar. The length scale of the associated alongshore wave height variability (200 m) is consistent with the wavenumber separation obtained from the coupled mode analysis. This confirms that the small-scale variability is primarily due to coherent interference. In addition, our analysis shows that the shoreline exhibits a strong localized response near the radar site on the 200 m scale, which suggests that coherent interference effects can affect wave-driven nearshore transport processes and localized erosion.
Introduction
As ocean waves travel from the deep ocean over the continental shelf and into shallow water near the coast, refraction over coastal bathymetry and currents can result in redistribution and focusing of wave energy on the coast. Large-scale wave height variations due to refraction on nearshore bathymetry can drive variations in the mean water level, and can drive nearshore currents, and affect nearshore morphodynamics [e.g., Apotsos et al., 2008; Shi et al., 2011; MacMahan et al., 2006; Dalrymple et al., 2011; Barnard et al., 2012; Hansen et al., 2014] . Finer-scale alongshore variations in wave height can be due to directional interference of waves from different, independent sources [e.g., Barnard et al., 2012] , or to directional scattering of a single coherent wave field over coastal bathymetry [see e.g., Smit and Janssen, 2013] . Such coherent interference is strongest for narrow-band waves [Vincent and Briggs, 1989] , results in persistent wave height variability, and can drive small-scale circulation cells which affect nearshore dynamics [e.g., Long and € OzkanHaller, 2005; Smit et al., 2015] .
Although coherent interference can influence nearshore dynamics [see Dalrymple, 1975; Long and € OzkanHaller, 2005; Apotsos et al., 2008] , the effects are not well understood, and often ignored. Crossing wave trains with the same frequency have been suggested as a possible driver for nearshore rip current cells [Dalrymple, 1975] , with the alongshore wavenumber difference dictating the scales of the rip current pattern and the associated morphological development of beach cusps [Dalrymple and Lanan, 1976] . However, to be relevant, this not only requires that the wave trains have (approximately) the same frequency, butmore importantly-they must be statistically coherent to create quasi-stationary nodal lines in the wave field. In general, this requires a stationary medium variation (e.g., offshore bathymetry) conducive to coherent scattering, and favorable narrow-band wave conditions of the incident wave field. Unfortunately, coherent wave interference is difficult to observe with traditional in situ, instruments (e.g., pressure sensors, moored buoys) since it requires a coherent array of instruments, or otherwise simultaneous observations separated in space. These effects are also difficult to capture in existing models. Traditional phase-averaged wave models (e.g., WaveWatch, Tolman [1991] ; Swan, Booij et al. [1999] ) cannot account for coherent interference [see Smit and Janssen, 2013; Smit et al., 2015] . Phase-resolving models (e.g., FUNWAVE, Wei et al.
[1995]; SWASH, Zijlema et al. [2011] ) can resolve these dynamics, but they require large computational resources and are not routinely used on regional scales. As a consequence, coherent wave interference is mostly ignored, and its effects on the nearshore hydrodynamics are poorly understood.
In the present work, we investigate wave interference at Ocean Beach, San Francisco, the north-south trending sandy beach located on the west side of the city of San Francisco (see Figure 1 ). Thereto we consider Xband radar data collected near the south end of the beach, in the lee of the San Francisco Bar. Earlier studies have shown that wave focusing on the offshore ebb-tidal shoal (San Francisco Bar) results in large-scale variations of wave energy along the beach, which result in alongshore pressure gradients and drive nearshore currents and transport [see e.g., Eshleman et al, 2007; Shi et al., 2011; Barnard et al., 2012; Hansen et al., 2014] . Apart from the larger-scale north-south variability of wave height, smaller-scale variability in wave height is also observed, which is typically attributed to smaller-scale bathymetric features shoreward of the bar [see Barnard et al., 2012] . However, during long-period swell events these variations can also be due to the coherent interference of noncollinear waves, refractively scattered over the bar, but originating from the same source. Such small-scale wave height variations will drive nearshore circulation cells [e.g., Bowen et al., 1968] , affect cross-shore exchange [e.g., Dalrymple et al., 2011] , and possibly contribute to the persistence of the erosional hotspot occurring in the wave shadow of the ebb-tidal shoal [see e.g., Shi et al., 2011; Barnard et al., 2012] .
In this paper, we investigate the small-scale alongshore variability of the nearshore wave field during long-period swell (period >12 s) events at Ocean Beach. To identify the source of the variability, we analyze X-band radar observations using a coupled-mode spectrum, which is a spectral distribution function used previously for modeling inhomogeneous wave fields [see e.g., Janssen et al., 2008; Smit and Janssen, 2013; Smit et al., 2015] . The combination of remote sensing using X-band radar and the coupled-mode spectral analysis allows us to identify coherent interference contributions in the wave statistics, detect length scales of variability to the interference of distinct swell peaks, and relate this to observed shoreline variability in the area.
In section 2, we describe the field site and the analysis method. We present our results in section 3, discuss the potential influence on beach morphology in section 4, and summarize our principal findings in section 5. Figure 1 . Site of radar measurements on Ocean Beach location relative to San Francisco (inset) including shaded depth contours (MLLW datum, measured in meters). The location of the radar is indicated with a red circle, and the observed area is delimited by the white circle whereas the white rectangle indicates the area considered for further analysis.
Instrumentation and Field Site
Ocean Beach, San Francisco, is a 7 km long, north-south trending sandy beach located to the west of the city of San Francisco (see Figure 1) . The area is characterized by mixed, semidiurnal tides, with a mean tidal range of 1.25 m, and strong tidal currents ($1 m/s) due to the presence of the Golden Gate just north of the beach [see e.g., Barnard et al., 2007; Shi et al., 2011; Barnard et al., 2012; Hansen et al., 2014] . Ocean Beach is directly exposed to energetic ocean swell from the northern Pacific, typically arriving from northwest to west (with lower-energy south swell events during summer). The incident wave field is refracted over the San Francisco Bar (see Figure  2) , an ebb-tidal bar offshore of the Golden Gate, resulting in large-scale wave height variability along Ocean Beach [see Shi et al., 2011] and in crossing sea states in the shadow of the bar (Figure 2 ).
To monitor nearshore ocean wave conditions at Ocean Beach, an X-Band radar system was deployed in the spring of 2012. The radar system was located along the Great Highway at 378 43.69'N, 1228 30.34'W, near an area of accelerated erosion [Barnard et al., 2012] and installed at the San Francisco Oceanside Water Pollution Control Plant (Figure 1 ), approximately 100 m back from the shoreline and 12 m above sea level (MLLW datum). The X-Band radar is a Koden model MDS-63R system with a 2.74 m (9 foot) antenna that cycled at approximately 0.77 Hz. A custom data acquisition card digitized the IF signal at 100 MHz, with 2000 azimuthal positions per second, and a range of 3 km [Trizna, 2011 [Trizna, , 2014 .
The radar produces intensity maps in range-azimuth form, which we project onto a Cartesian coordinate frame, as shown in Figure 3 . The origin x 0 5ð0; 0Þ is located at the radar site, and the primary axes x 1 and x 2 are directed approximately alongshore (48 west of south) and cross-shore (48 south of east), respectively. For convenience, in what follows we will refer to the positive x 1 and x 2 direction as south and east, respectively. The post processed intensity maps are 1024 by 512 pixels, with each pixel measuring 6 m by 6 m (see 3) . Before analyzing the radar data, we compensate for spreading loss of radar intensity and noise by multiplying the images by a factor R a , with R the radial distance from the radar location and a a constant. Radar return from sea scatter falls off as the cube of the range [Trizna and Carlson, 1996] , but electronic noise is uniform throughout the radar image. Guided by visual inspection of the radar images we set a52 as a compromise between compensating for spreading and minimizing noise. Further, to avoid edge and surfzone effects, we select a rectangular subsection spanning 256 by 256 pixels (1536 m by 1536 m), shown in Figures 1 and 3 .
In the radar footprint, the bathymetry is characterized by approximately shore-parallel depth contours, with depth ranging from 8.1 to 14.5 m. Although tidal currents in this region can be strong ($1 m/s), the mutual angles between the wave and current directions is relatively large (>60 ) so that the current-induced Doppler shift remains small and its effects are neglected in our analysis.
Coupled-Mode Analysis of Inhomogeneous Wave Fields
In a wave focal zone, coherent interference can result in inhomogeneous wave statistics. To identify such effects in the radar observations, we use a coupled-mode spectrum that, in the context of ocean waves, has been used previously to model the evolution of inhomogeneous wave statistics [see Janssen et al., 2008; Smit and Janssen, 2013] . Here we will estimate the coupled-mode spectrum directly from the radar observations to analyze the presence of coherent interferences.
In our analysis, we consider the free-surface elevation g x; t ð Þ, with x5 x 1 ; x 2 ½ a horizontal coordinate and t time, as observed in a finite rectangular region over a duration D. We represent the free surface as a discrete time stack of N spatial frames (with N5512), taken at discrete time t n 5t 0 1nDt (with t 0 the starting point of the observations, Dt the sampling interval and n50 . . . N21). Each spatial frame consists of a discrete array of M3M points (with M5256) x m1;m2 5x 0 1 m 1 ; m 2 ½ Dx with Dx56 m. In our analysis, we assume linear wave motion and introduce a complex analytical representation f x;t 5g x;t 1iH g x;t È É , where H denotes the discrete Hilbert transform and f x;t (and similarly g x;t etc.) is short for f x m1;m2 ; t n À Á . The spatial transform pair f x;t andf k;t is defined aŝ
where
is the discrete wave number vector, with
The complex analytical representation prevents directional ambiguity in the spatial Fourier series representationf k;t 5F x!k f x;t È É , i.e., the component at wavenumber k travels in the direction of the wavenumber vector.
The free-surface elevation is assumed to be a zero-mean, stationary, process, so that the second-order statistics of f x;t can be completely represented by the spatial two-point correlation functions in either geographic or wavenumber space,
respectively. In equation (2) are the lag coordinates; the correlations are normalized such that for n50, the correlator C x;n equals the variance of the surface, i.e., V x 5C x;0 5hg 2 x;t i. We assume a periodic extension of f x;t;fk;t for points that lie outside the observed area.
The two correlation functions in equation (2) both capture the complete second-order statistics of the field, including wave interference, but neither is straightforward to interpret physically. To facilitate interpretation, we instead consider the alternative distribution function
which forms an intermediate description between the spectral and spatial covariance matrices. For strictly homogeneous conditions, whereĈ k;u only contains contributions along the diagonal u50, E k;x reduces to Journal of Geophysical Research: Oceans 10.1002/2016JC011705 a conventional power (or variance) spectrum E k 5E k , with the power spectrum defined as E k 5 1 2 hf k;tf Ã k;t i. In general, E k;x is not a power spectrum and we refer to it as a coupled-mode (CM) spectrum [see Janssen et al., 2008] to emphasize that it includes cross-variance contributions between spectral modes [see e.g., Janssen et al., 2008; Smit and Janssen, 2013] . This distribution function has been used in other fields anddepending on eponymous preference and context-is sometimes referred to as the Wigner, or Wigner-Ville distribution [Wigner, 1932; Ville, 1948; Cohen, 1989] or generalized radiance [Walther, 1968] .
The CM spectrum provides a concise framework to analyze inhomogeneous effects in random waves. For example, consider a wave field consisting of two coherent, noncollinear plane waves, written as,
Here jk ð1Þ j5jk ð2Þ j are the wavenumbers, a j is the complex amplitude, r k 5rðjkjÞ5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi gk tanh kh p , g is gravitational acceleration, and h is the local mean water depth. Substitution of equation (4) into (3), gives
where k5k ð1Þ =21k ð2Þ =2, u5k ð1Þ 2k ð2Þ , d k1;k2 is the Kronecker delta, and * denotes the complex conjugate.
This equation consists of two autocorrelation contributions located at k ð1Þ and k ð2Þ (first two terms on the right). These variance peaks are spatially invariant and carry the variance-or energy-of the wave field associated with each of the individual wave components. The last term on the right of equation (5) represents the cross correlation between the two components, which is a spatially varying contribution. Physically this cross term captures the interference between the components resulting in a spatial variation of the local variance V x ð Þ5 Ð Edk (or potential energy), associated with the constructive and destructive interference of the coherent wave modes, respectively. The interference peaks are always located midway between the energy-carrying components (at k) [e.g., Hlawatsch and Flandrin, 1997] and account for the covariance between the waves. In other words, such interference terms are only present if the waves are coherent and phase-coupled (thus originating from the same, coherent, source). If the peaks of the principal waves are separated in wavenumber space by difference wavenumber u, then the spatial scale over which the wave field statistically varies is k52pjuj
21 . For more details on the coupled-mode spectrum, see Smit and Janssen [2013] .
Analysis of Radar Observations
The X-band radar observations return discretely sampled intensity I x;t , which is modulated in space and time by ocean waves and other processes and effects. Due to the strong radar return from near the crests, and the shadowing in the troughs of the waves, the two-dimensional Fourier transform of such an image contains peaks corresponding to the underlying wave pattern, along with higher-frequency components due to presence of whitecaps and other wave-related processes that have a strong radar signature. In addition, the images contain a substantial amount of noise that is unrelated to the wave motion. To remove this noise, and to isolate the part of the signal associated with free-surface waves that obey the linear dispersion relation x5rðjkjÞ, we only retain k; x components that are close to the dispersion shell (allowing for some variability to account for uncertainties in depth and nonlinearity of the waves), and are above 0.5 and below 1.5 times the peak frequency and peak wavenumber (defined from the raw signal), respectively (for details see Appendix A). Here, assuming the Doppler shift due to currents is small, the dispersion relation is given by rðkÞ5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi gk tanh kh ð Þ p , with g the gravitational acceleration, and h a representative water depth. For our purposes, we assume that the variations in the filtered signal, I wave k;t , are proportional to the wave-induced undulations in the surface elevation, so that g x;t $ c x I x;t , where c x is a proportionality factor, which depends on e.g., the radar characteristics, distance from the radar, geometry of radar setup, and metocean conditions. Although quantitative measures of surface elevation and radial slope can potentially be obtained directly from radar images [see Lyzenga and Walker, 2015] , this is unnecessary for our present analysis. Implicit in our analysis is the assumption that c x is approximately constant in time and changes slowly over the domain (relative to the wave length) so that at least for the purpose of identifying inhomogeneity and coherent interference I wave x;t can be interpreted as a crude proxy for g.
In order to calculate the CM spectrum from I wave x;t , we first calculate the discrete Hilbert transform of I wave x;t and define the complex analytical signal f x;t 5I wave x;t 1iH I wave x;t n o . Subsequently, we define a reference point
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x r that lies within the observational domain and approximate the ensemble average using the time average over the duration of the observations
Because of the limited spatial extent of the domain, the range of the discrete lag vectors for which the correlation function can be calculated depends on the location of the reference point. For consistency, the signal is padded with zeros so that the spatial lag coordinate for the correlation functions always has M entries. To avoid distortions due to nonperiodicities at the extremities, we apply a Hanning window W n and obtain the discrete Coupled-Mode spectrum by applying the discrete Fourier transform to the result, i.e., E k;xr 5F n!k W n C n;xr È É .
Results
Refractive focusing over the San Francisco bar is most pronounced for offshore wave conditions consisting of narrow-band swell waves arriving from a directional sector spanning from the southwest to northwest. For these conditions, the power spectrum as measured by the radar consistently shows two peaks, propagating at small mutual angles to one-another (see power spectra in Figure 4 ). For case A, the offshore wave field propagates toward the ENE (see Table 1 ), whereas the nearshore wave field consists of two peaks of similar wavenumber magnitude propagating toward the SSE and NE, respectively (see Table 2 ). For case B, the offshore incident waves propagate toward slightly south of east, whereas the inshore wave field again consists of two distinct peaks at SSE and NE (see Table 2 and Figure 4 ). Both cases are fairly narrow band with a clearly bidirectional distribution in directional space ( Figure 5 ). Although the persistence of the obtained from the frequency power spectra at the radar site., and denoted the direction of wave propagation as measured in the local coordinate system in brackets.
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Before estimating the coupled-mode spectrum, we note that the spatial distribution of the variance ( Figure  6) shows two principal components of spatial variability. In the cross-shore direction, there is an increase in intensity variance as we move closer toward the radar (Figure 6 ), which is attributed to a combination of wave shoaling, radial changes in scattering intensity in the radar return, and enhanced reflective properties of the surface due to e.g., breaking waves closer to shore. In contrast, in the along-shore direction, and in particular for Case A, variance levels are modulated by relatively fast modulations, which is indicative of a coherent bidirectional wave field where the waves slowly move in and out of phase with one another in the alongshore direction. This is further corroborated by the fact that the wavelength of the lateral modulation for Case A is about 200 m (see Figure 6 ), which roughly corresponds to the wavelength (k52p u 1 ð Þ 21 ) associated with the difference lateral wavenumber between the main peaks ( Figure 4 ).
To quantify this more carefully, we consider the CM spectrum evaluated at point I at x I 5 0; 21152 ½ m (indicated in Figure 6 ) where the lateral signal modulation is strong. The coupled-mode spectra for Case A and B at this point contain two well-defined peaks at approximately the same location as the peaks in the power spectrum ( Figure 7, top plots) . In addition to these energy carrying components of the wave field, there are interference peaks located midway between the energy peaks, which are not present in the power spectrum (compare to Figure 4) . The presence of these peaks in the coupled-mode spectrum shows that the two wave fields observed in the radar footprint are indeed correlated and the interference is coherent (see e.g., equation (5) or Smit and Janssen [2013] ). This implies that these wave fields originate from the same wave field and thus must be the result of directional scattering of the incident wave field over the San Francisco bar. The coupled-mode spectra evaluated at Point 1 (see Figure 6 ) show a positive correlation at the interference peak (see Figure 7 , top plots), which is associated with a persistent antinode (constructive interference) at this location. In theory the alongshore modulations associated with the interference take place on length scale k52p u 1 ð Þ 21 , which is confirmed by the Coupled-Mode spectrum determined at Point 2, offset from Point 1 by k=2. The CM spectrum at Point 2 ( Figure 7 , bottom plots) shows almost the same main peaks (consistent with the slow variation of the energy-carrying spectral components) but a negative interference peak, indicative of a node (destructive interference) and associated reduction of potential energy at this location. This rapid variation of the interference peaks is exactly as expected from theory.
To more clearly identify the length scale of lateral modulations, we subdivide the CM spectrum into three directional sectors (based on visual inspection of the CM spectra) defined as h j low h h j high , with h j low=high the lower/upper bound of the directional sector for the jth peak (Table 3) , where j 5 3 refers to the interference peak. Subsequently, we sum all contributions within each sector, Journal of Geophysical Research: Oceans
to obtain a measure DV j x for the (co)variance associated with each peak. Here the domain D j is defined such that the wavenumber k falls within the predefined angular sector for that peak (Table 3) . Evaluating (7) along transect I (along x 2 521152 m, see Figure 6 ), we see that variance associated with the primary (energy-carrying) peaks changes slowly, and is associated with the slow variability in the total variance along that transect. In contrast, the covariance in the interference peak oscillates on a much faster scale, (for A and B) alternating between positive and negative values. These lateral modulations are indicative of alternating constructive and destructive interference and the length scale (wavelength about 200 m) is consistent with coherent interference of the mean energy-carrying components. 
Discussion
Wave interference can result in alongshore modulation of the wave field, which in turn can drive rip current cells [e.g., Dalrymple, 1975; Dalrymple et al., 2011] . Deterministic wave simulations of crossing waves show that such interference results in stationary nodal lines, and persistent nearshore circulation [Dalrymple et al., 2011] . The directional spreading inherently present in natural ocean wave fields would likewise result in wave interference. However, due to the random nature of ocean waves, the nodal lines would not generally be stationary. Instead they would migrate along the shore [Fowler and Dalrymple, 1990] , and thus not generate persistent nearshore circulation cells or rip currents. In contrast, if the wave interference is the result of the directional scattering of a coherent wave field over bathymetry, the interference is coherent (the interfering wave fields are phase-locked) and nodal lines would be nearly stationary and thus capable of driving persistent nearshore circulation cells.
Our analysis of the X-band radar data collected at Ocean Beach shows that the refraction of long-period (T > 12 s) waves over the San Francisco Bar results in a coherent wave interference zone near the shore. Since Ocean Beach is exposed to energetic Pacific swell from the northwest during the winter months [see Hansen and Barnard, 2010] , the coherent interference of energetic winter swells is likely a fairly common and persistent feature of the nearshore wave field. We hypothesize then that the recurring modulation of the wave field on alongshore scales of 100-300 m can drive persistent circulation cells on those length scales, which in turn could affect shoreline variability on those spatial scales. To determine if there is a response on the 200 m scales in the shoreline, we consider beach profiles of Ocean Beach collected by the USGS, Santa Cruz [see Hansen and Barnard, 2010] . Specifically, we consider the shoreline contour (MWL) collected at 28 January 2014, which is 18 days after case B considered here. Since no shoreline data were available near the radar footprint in March 2012 (or the previous or following months), we instead consider shoreline data from a year later (March 2013, here referred to as case A') as being representative for case A.
The shorelines for both cases were projected onto the radar coordinate system (with x the alongshore coordinate, and y x ð Þ the position of the shoreline), and subsequently-since we are primarily interested in small-scale variability-the mean shoreline position (taken over all available shoreline data from 2004 up until 2014) was subtracted to obtain the deviation from the mean shoreline Dy x ð Þ. To distinguish the relative importance of different scales along the beach, we performed a continuous wavelet transform [e.g., Mallat, 1998 ] using a Morlet (or Gabor) wavelet with 11 (pseudo) length scales ranging from 100 to 500 m at 50 m intervals. This produces a set of wavelet coefficients for each alongshore position x and scale L. To remove the oscillatory behavior of the wavelet coefficients, we average the absolute value of the wavelet coefficients at position x for each spatial scale L from x 2 L to x 1 L to obtain smoothed wavelet coefficient C L; x ð Þ.
The strongest response (for case A 0 and B) appears to occur on longer scales (L > 300, see Figures 9a and   9b ), which we expect to be mostly unrelated to coherent interference. However, in particular for case A', variability on the 200 m scale is strongly localized around the radar site (x 5 0 m), and variance levels at these length scales decrease rapidly when moving northwards along the beach (x < 21000). Qualitatively this is also observed in the Dy x ð Þ profile, where oscillations on the 200 m scale are seen near the radar site, and do not occur for the remainder of the beach. For case B the response on the 200 m scale is less pronounced, but is still concentrated near the radar site, with a secondary peak occurring at x 5 24000 m. In general, the shoreline data for January-March frequently show a peak on the 200 m scale at the radar site (not shown), but often also at x 5 24000 m (37.768N) and x 5 22000 m (37.758N), which is possibly related to another, more northerly, convergence zone (see Figure 2) . 
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The exact location of the interference zones, and consequently the shoreline response, likely meanders along the beach depending on the incident wave angle, period, and tidal variability. Moreover, wave interference is likely one of many competing mechanisms that influence the dynamics at ocean beach. However, our analysis suggests that the presence of coherent wave interference may very well have a local impact on nearshore bathymetrical variability and shoreline dynamics.
Conclusions
During swell events, the nearshore wave field at Ocean Beach, San Francisco, is characterized by waves crossing at relatively small mutual angle, which results in alongshore modulation of the wave height on 100-300m length scales. Here we demonstrate that coherent spectral analysis of X-band radar can be used to observe such near shore wave interference. In particular, we conclude that swells arriving on the coast at Ocean Beach, San Francisco, are refracted by the San Francisco Bar to form the observed pattern of two overlapping swell patterns, coherent in space and time. This result is suggested by the similar wavelength and frequency of the two swells, and supported by ray tracing over the bar. By analyzing the radar data using a coupled-mode spectrum technique, we identify a coherent interference peak midway between the energy-carrying components. Our results show that offshore bathymetry can be important for small-scale, wave-driven dynamics in the nearshore, can contribute to nearshore transport processes, and possibly contribute to shoreline undulations in the length scales associated with the wave interference. Longdwell remote sensing techniques in the nearshore can be useful to capture wave interference and coherent structures in the wave field, which can contribute to understanding of transport processes and localized erosion.
We assume that the depth variability is the most important source of variation, so that the frequency can be treated as a constant of motion, and since the dispersion is rotationally symmetric about the frequency axis, wave-like contributions at a certain frequency x will have wavenumbers k for which the wavenumber magnitude k5jkj falls within a range k 2 x k k 1 x . Assuming that the depth lies in the interval h 2 h h 1 (where h 2 ; h 1 denote the minimum and maximum depth in the region, respectively), the wavenumber limits for a given frequency x are obtained from solving the dispersion relation x5r k 6
x ; h 7 À Á . Hence, if we include our maximum and minimum wavenumber/frequency limits, we define the wavelike contributions to the spectrum to be contained within where k p ; x p denote the peak wavenumber and frequency obtained from the marginal distributions, respectively (see Figure A1 ).
